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The increasing use of gadolinium (Gd)-based contrast agents in magnetic resonance imaging and
the recalcitrant behavior of Gd during municipal wastewater treatment have led to increased con-
centrations of the tracer in aquatic environments. These anthropogenic Gd emissions to wastewa-
ter and, subsequently, to surface and groundwater systems can be exploited to calculate ground-
water travel times and mixing ratios, identify wastewater inputs, and calibrate groundwater mod-
els. However, analytical complexity, costs, and the time needed to directly measure anthropogenic
inputs hinder the practical use of Gd. While direct measurements with inductively coupled plasma-
mass spectrometry (ICP-MS) are highly efficient and feasible, only total Gd can be detected with
this approach. In unknown hydrogeological systems, the differentiation between total, anthro-
pogenic, and geogenic Gd by interpolating rare earth element patterns requires complex sample
pre-treatment and pre-concentration. Direct measurements of Gd can be obtained using anion-
exchange chromatography coupled to ICP-MS but the limit of quantification will be higher. Here
we provide guidelines for selecting the optimal method for the analysis of Gd as a wastewater
tracer in surface-groundwater systems.

» The cost-effectiveness of existing analytical strategies to measure Gd when used as a
wastewater tracer in surface-groundwater systems is addressed
+ A novel analytical strategy for direct determination of total Gd is presented
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Introduction

Gadolinium (Gd)-based contrast agents have been used in magnetic resonance imaging (MRI) since 1988 [1-4]. Since Gd complexes
are very stable, they pass unmetabolized through the human body and are excreted via the urine. Only a small part of the injected Gd
can accumulate in animal tissues [5,6]. However, Gd complexes are also recalcitrant in municipal wastewater treatment and are thus
emitted into rivers, which has resulted in the accumulation of the tracer in aquatic environments. This anthropogenic Gd (Gd,,,)
together with the natural geogenic Gd (Gdge,) background comprises the total Gd (Gdya) [7,8].

As the use of Gd is largely restricted to medical imaging, average Gd concentrations in WWTP effluents are typically in the order
of 100 ng L~! and thus an order of magnitude lower than the concentrations of other pollutants [9]. Since most MRI is performed
on weekdays, Gd concentrations in wastewater tend to follow a weekly pattern, especially in small catchments [7,10]. The transient
signal is detectable in surface waters affected by wastewater and is eventually propagated into groundwater, mostly via riverbank
filtration [11-13]. Moreover, even in rural areas without MRI facilities, Gd,,;, anomalies can be detected in groundwater affected
by wastewater-impacted riverbank filtration, via the urinary excretion of Gd by outpatient treatment who have undergone MRI in
larger towns and cities [7,11]. The transient Gd,,;, concentrations measured in river water and the adjacent groundwater can be
used to calculate groundwater travel times and riverbank filtrate mixing ratios [14]. Knowledge of both is crucial in managing and
protecting drinking water supply systems close to rivers.

A prerequisite for the determination of Gd,y, in river water is a determination of Gdg, i.., the natural background concentration
of Gd, which in turn requires the measurement of other rare earth elements (REE) [2,3,15-19]. The determination of Gd, s, is therefore
more tedious than the direct measurement of Gd,,. Furthermore, pre-concentration and thus advanced techniques are needed to
reduce the limit of quantification (LOQ) to < 1 ng L1, especially in areas where both wastewater loads and the Gd,e, background are
low [11]. However, whether Gd,,, instead of Gd,4, can be used as a tracer in assessments of riverbank filtration systems is unclear.

In the following we discuss two existing methods to determine Gd complexes [20] and Gd,,,4, [11], propose a novel method for the
rapid determination of Gd,,;, and suggest guidelines for selecting the appropriate analytics in the use of Gd as a wastewater tracer
in hydrogeology. These findings will be key to facilitate the use of Gd for investigating riverbank filtration systems and identifying
wastewater inputs in surface-groundwater systems.

Method details
Anthropogenic gadolinium determination

In our determination of Gd, we used a column-based pre-concentration step that required degradation of the Gd,,y, complexes
[3]. After treatment with 5% (v/v) HyO, (31%, ROTIPURAN Ultra; Carl Roth, Germany), the samples were exposed to UV-C light
(254 nm, 4 x 15 W m~2; Narva, Germany) for 24 h to degrade the Gd,,y;, complexes [8]. The samples were then placed in acid-
prewashed UV-C light-transmissive polymethylpentene centrifuge tubes and sealed with acid-prewashed high-density polyethylene
stoppers. Samples with Gd concentrations > 100 ng'L.~! were diluted by a factor of 50 prior to pre-treatment.

REE analysis for the calculation of Gd,,4, was performed using an on-line SeaFAST 2 pre-concentration system (Elemental Scientific
Inc., USA; [21]) coupled to an Agilent 8800 Triple Quad inductively coupled plasma-mass spectrometry (ICP-MS) instrument (Agilent
Technologies, Japan), which achieved the LOQ values needed to accurately distinguish Gd,ng from Gdg,. The LOQ of Gd was <
0.1 ng L-! (SD < 0.04 ng L~1); the values for samarium (Sm) and terbium (Tb) were < 0.01 ng L~ (SD < 0.001 ng L~1).

The Gdge, concentration, required for the calculation of Gd,ng, in Gdioe using Eq. (1), was interpolated from the concentrations
of Gd and its neighboring REE elements Sm and Tb. The latter were normalized to the upper continental crust (UCC) [22], as shown
in Eq. (2) (after [2]) with an SD < 0.1 ng L-1.

Gdamh = Gdratal - Gdgea 1
S ‘ Tb,pens
Gdgeg — (033 Measured +0.67 measured >GdUCC (2)
Mycc vcc

Other methodologies used to calculate Gd,,, including their applicability, advantages, and disadvantages, are discussed in detail
in Briinjes and Hofmann [3]. However, they may require the measurement of all REE and should thus be selected carefully. For
example, for the third-order polynomial fit proposed by Méller et al. [11], all lanthanides need to be measured precisely.

Anion-exchange chromatography to separate and detect Gd complexes

A fast (< 2 min chromatographic run time) hyphenated method to separate and detect Gd complexes was described by Macke et al.
[18]. It is based on syringe-driven anion-exchange chromatography used in combination with ICP-MS, to separate and measure the
five Gd complexes commonly administered to patients in the European Union (Gd-HP-DO3A, Gd-BT-DO3A, Gd-DOTA, Gd-DTPA, and
Gd-BOPTA). External calibration was performed using an automated in-line dilution function, which allowed precise calibration from
single stock standards. This method, when coupled with quadrupole ICP-MS, resulted in a low LOQ (Table 1). The species-specific
LOQ values were between 21.2 and 68.8 ng L1 at a chromatographic run time of < 2 min. These values refer to the respective
concentrations of the Gd complexes. The LOQ of the Gd element concentration was between 5.98 and 10.2 ng L™1.
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Table 1
Limit of detection (LOD) and limit of quantification (LOQ) values of the Gd-complexes in their entirety
and of the Gd concentration alone, as reported by Macke et al. [18].

Component LOD (complex) [ng L] LOQ (complex) [ng L'] LOD (Gd) [ng L'] LOQ (Gd) [ng L]

Gd-HP-DO3A 7.82 25.1 2.20 7.08

Gd-BT-DO3A 6.65 23.0 1.73 5.98

Gd-DOTA 6.14 21.2 1.73 5.98

Gd-DTPA 7.67 25.7 2.20 7.39

Gd-BOPTA 20.1 68.8 2.99 10.2
Table 2

The ICP-MS operation parameters needed to obtain optimal measurement
results using the direct Gd,,, method.

Operation parameter Setting
RF power (W) 1550
RF matching (V) 1.8
Sample depth (mm) 6
Nebulizer gas flow (I/min) 1

Data acquisition

Acquisition mode Peak hopping
Dwell time (ms) 80
Integration time (s) 0.1/point
Repetition 5 (FullQ)
6.00
5.00
* Sample A - H202 + UV *
4.00
el M Sample A - untreated **
o
@0 Sample B - H202 + UV *
= 3.00
£ I =z W Sample B - untreated **
kel
o Sample C- H202 + UV *
2.00
H Sample C - untreated *
1.00
0.00

Fig. 1. Samples pre-treated or not with H,0, and UV exposure and then measured using the direct Gd,,,; method. * measured as duplicates; **
measured as triplicates.

Direct total gadolinium determination

We propose that if the Gd, ¢, concentration surpasses the natural Gd,, background by at least one order of magnitude, a separation
of natural and anthropogenic Gd sources is no longer required in order to use Gd as a simple marker in hydrogeology. This eliminates
the need to measure other or all REE [11,20]. Moreover, since ICP results in the complete ionization of pharmaceutical Gd complexes,
the time-consuming sample preparation (H,0,, exposure to UV-C light) needed for chromatographic pre-concentration is eliminated
as well (Fig. 1).

Direct measurements of Gd,,., were performed using an Agilent 7900 Single Quad ICP-MS instrument (Agilent Technologies,
Japan) in no-gas mode. To increase the sensitivity for Gd,, the plasma distance was decreased to 6 mm, although this results in
greater wear of the sample cone. The instrument conditions providing optimal measurement results are reported in Table 2. In this
configuration, the LOQ of Gdq, was < 3.0 ng L™! and the SD < 0.2. However, the LOQ values for Sm and Tb were < 0.84 ng L™!
and < 0.06 ng L1, which were not precise enough to cover the natural range of the respective elements. The interpolation of Gdgeo
using the rapid method was therefore not possible.
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Cost-efficient strategies for the analysis of Gd in hydrogeology: conclusion and outlook

In this paper, three different ICP-MS based analytical methods for the determination of total, anthropogenic, and the pharma-
ceutical Gd complexes in surface and groundwater were presented: (1) Direct measurement of Gd with ICP-MS allows the fast and
cost-efficient measurement of Gd,y,. (2) The determination anthropogenic gadolinium by measuring a large suite of REE enables
the separation of Gd,, and Gdg,. (3) Using a hyphenated anion-exchange chromatography, the pharmaceutical species itself can
be detected. However, the three presented methods vary considerably in terms of their time, costs, and detection limit.

For an unknown hydrogeological system, Gdo1, Gdanh, Gdgeo can be determined by analyzing the extended REE pattern (Sect.
2.1). The most suitable calculation method should be chosen as described in Hofmann & Briinjes [3]. If this pre-testing shows that
Gdanen is > 10-fold higher than Gdg,, indicating significantly high wastewater inputs, direct measurement of Gd by ICP-MS is rec-
ommended. This method is both faster and cheaper than either on-line SeaFAST pre-concentration (Sect. 2.1) or hyphenated anion-
exchange chromatography (Sect. 2.2). The rapid and cost-efficient direct detection facilitates the use of large sample sets of Gd, t0
calibrate groundwater models and to estimate groundwater residence times, groundwater mixing ratios, and the fraction of wastew-
ater inputs to drinking water supply systems.

For unknown groundwater systems with expected inputs from electronic or other industries, the determination of Gdn, Gdgeos
and Gd,, is strongly recommended. Online SeaFAST and off-line preconcentration result in very low LOQ values and allow the mea-
surement of REE, needed to interpolate the Gdg,, fraction. In this case, we recommend using the calculation based on all lanthanides
developed by Moller et al. [11].

Anion-exchange chromatography coupled to ICP-MS is appropriate when different sources of Gd must be separated and direct
proof of medical anthropogenic Gd inputs is required. The good LOQ of this approach enables its application when wastewater inputs
are relatively low.

Gd is not used as a regular tracer to determine wastewater inputs regularly. We suggest a larger round-robin test, and standardized
ISO protocols for the measurement of gadolinium in drinking water, including other REE to correct for anthropogenic and geogenic
gadolinium.
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